The Drosophila don juan (dj) gene encodes a basic protein that is expressed solely in the male germline and shows structural similarities to the linker histone H1. Don Juan is located in two different subcellular structures: in the nucleus during the phase of chromatin condensation and later in the mitochondrial derivatives starting with spermatid individualization. The don juan gene is transcribed in primary spermatocytes under the control of 23 bp upstream in combination with downstream sequences. During meiotic stages and in early spermatid stages don juan mRNA is translationally repressed for several days. Analysis of male sterile mutants which fail to undergo meiosis shows that release of dj mRNA from translational repression is independent of meiosis. In gel retardation assays 60 nucleotides at the end of the dj leader form four major complexes with proteins that were extracted from testes but not with protein extracts from ovaries. Transformation studies prove that in vivo 35 bp within that region of the dj mRNA is essential to confer translational repression. UV cross-linking studies show that a 62 kDa protein specifically binds to the same region within the 5 0 untranslated region. The dj translational repression element, TRE, is distinct from the translational control element, TCE, described earlier for all members of the Mst(3)CGP gene family. Moreover, expression studies in several male sterile mutants reveal that don juan mRNA is translated in earlier developmental stages during sperm morphogenesis than the Mst(3)CGP mRNAs. This proves that translational activation of dormant mRNAs in spermatogenesis occurs at different time-points which are characteristic for each gene, an essential feature for coordinated sperm morphogenesis. q
Introduction
Spermatogenesis is an excellent model system to study gene regulatory mechanisms as well as the morphogenesis of the highly specialized spermatozoon. In Drosophila, as in other organisms, spermatogenesis is initiated by asymmetric cell division. One daughter cell maintains the stem cell fate while the sibling enters the spermatogonial stage and becomes enveloped by two somatic cyst cells. After a defined number of mitotic divisions (four in Drosophila melanogaster), the germ cells enter the meiotic prophase. The prolonged primary spermatocyte stage is characterized by extensive cell growth, a high level of mRNA and protein synthesis. After rapid meiotic divisions sperm morphogenesis takes about 3 days. During this period the chromatin is condensed and the nuclei acquire their needle-like shape. At the same time, the two mitochondrial derivatives elongate along the entire length of the axoneme to form the flagellum. These morphogenetic differentiation steps take place simultaneously in all 64 spermatids of one cyst. Throughout the process germ cells remain interconnected via cytoplasmic bridges. Finally, spermatids become individualized and stored as motile sperm. The whole differentiation process from the spermatogonial stage to individualization takes about 10 days and requires coordinated gene regulatory programs, namely transcriptional and translational control mechanisms (for a review on Drosophila spermatogenesis see Fuller, 1993) .
All genes analyzed to date that are expressed exclusively during male germ cell development are characterized by extremely short regulatory regions (see Fuller, 1993; Santel et al., 2000) . On the gene regulatory level there are distinct differences between premeiotic and postmeiotic stages of spermatogenesis. In general, transcriptional activity ceases after the meiotic divisions while translation proceeds. So far, the only exception to this is the transcription of the hsr-omega heat shock gene (Bendena et al., 1991) . As sperm morphogenesis takes 3.5 days in Drosophila melanogaster, dormant mRNAs have to be recruited for translation at distinct times in order to coordinate the expression of certain proteins with the changing requirements of the cell during sperm assembly. Consequently, many mRNAs are translationally repressed during meiotic prophase and translationally activated during sperm morphogenesis (for reviews see Schäfer et al., 1995; Kleene, 1996; Braun, 1998) . Thus, translational control is a crucial feature of spermatogenesis. Several genes have been described that are expressed during spermatogenesis and encode translationally repressed mRNAs, for example the Drosophila gene family Mst(3)CGP (Kuhn et al., 1988 (Kuhn et al., , 1991 Schäfer et al., 1990; Gigliotti et al., 1997) , the dihydroorotate dehydrogenase (dhod) gene (Yang et al., 1995) , the janus B (janB) gene (Yanicostas and Lepesant, 1990 ) and the don juan (dj) gene (Santel et al., 1997) . For all these genes analysis of promoter-lacZ-reporter gene constructs revealed that the 5 0 untranslated regions (5 0 UTRs) are responsible for translational repression. The testis-specific expression of the Mst(3)CGP gene family, which encodes structural proteins of the sperm tail, has been studied extensively and a 12 bp sequence motif in the 5 0 UTR, called TCE (translational control element), has been identified. The TCE is crucial for translational repression of the Mst(3)CGP mRNAs in pre-and postmeiotic cell stages. In this case, the onset of translation is delayed until the fully elongated spermatid stage and translational activation is accompanied by secondary polyadenylation of the mRNAs (Kuhn et al., 1991; Schäfer et al., 1990 Schäfer et al., , 1993 . The question is whether the TCE is unique to these mRNAs and whether other translationally controlled mRNAs contain completely different regulatory elements or whether the TCE is a general element and transcripts of many other genes are regulated by the same control element. Because sequence similarities to the TCE were found in a number of translationally controlled mRNAs the latter seems likely (Schäfer et al., 1995) . On the other hand, as sperm morphogenesis is a highly complex process, translational repression and derepression should be tightly correlated with the time schedule of sperm morphogenesis so that the proteins for distinct differentiation steps can be provided at the appropriate time. Thus, individual modes of translational repression and particularly defined release from repression might be expected. Here, we focus on the regulation of the testis-specific don juan gene expression. Don juan transcripts are abundant and detectable from meiotic prophase onward until shortly before individualization, while translation is limited to spermatid stages so that the dj mRNA is translationally repressed for several days (Santel et al., 1997) . The don juan gene encodes a basic protein of 29 kDa with structural similarities to histone H1. Don Juan is localized in haploid nuclei during chromatin condensation and nuclear shaping. Thereafter, it can be detected in the mitochondrial derivatives of the flagellum (Santel et al., 1998) , which might imply temporally distinct release from translational repression in different compartments of the spermatids.
The aim of the study presented here is to gain insight into the transcriptional and translational control of the don juan gene expression. We determined the essential cis-acting regions and started to search for RNA-binding proteins in order to elucidate the molecular mechanism of mRNA stability and translational repression, for which we identified a new translational repression element named TRE.
Results

Short upstream sequences control transcription of the don juan gene in the male germline
We previously showed that 408 bp upstream of the don juan translational initiation codon is sufficient for correct cell type-specific transcriptional and translational regulation of dj reporter gene constructs (Santel et al., 1997) . Here, we further analyze the size and structure of the don juan promoter. For this purpose, the 5 0 upstream region of the don juan gene was gradually deleted. A series of deletion mutants was constructed in combination with the lacZ-reporter gene and transgenic fly lines were established (Fig. 1A) . We tested whether dj-lacZ fusion genes are able to direct b-galactosidase expression in a cell-and tissue-specific manner. These experiments were carried out with the deletion constructs dj-lacZ 2 (2143), dj-lacZ 3 (269), dj-lacZ 4 (223) (in each case containing the entire leader (115 bp) with the exception of the last two basepairs) and dj-lacZ 5 (110) (Fig. 1A) . Whenever the transcription start site was included, the reporter gene was exclusively expressed in postmeiotic cell stages of the male germline. As examples, b-galactosidase activity in testes of transgenic fly strains bearing the constructs dj-lacZ 3 (269) and dj-lacZ 4 (223) is shown (Fig. 1B,C) . The typical staining of late spermatids is obvious (white arrow), whereas premeiotic stages at the tip of the testes are free of b-galactosidase activity (black arrowhead). The meiotic and early spermatid stages that are located in the inner curve of the testes (double arrow) are free of staining as well. Further proof for this observation is the absence of reporter gene activity in larval testes that contain only premeiotic cell stages (Fig. 1E) . While reporter gene expression is identically distributed (Fig. 1) , the b-galactosidase protein in dj-lacZ 4 (223) is clearly reduced (Fig. 1C) . Thus, cell type-specific expression is maintained at a reduced level even if only 23 bp upstream sequences are included (see Fig. 2E for corresponding transcript distribution). Transgenic flies bearing the deletion construct dj-lacZ 5 (110), in which the sequence element 110 to 1115 is fused to lacZ, show no b-galactosidase activity (Fig. 1A) . To rule out that in these flies transcription takes place, but translation does not occur, we performed in situ hybridization experiments using the digoxygenin-labeled lacZ gene as a probe. As a result no lacZ transcripts were detected (data not shown). A simultaneous hybridization using testes of the fly strain dj-lacZ 4 showed a lacZ transcript distribution (Fig. 2E) indistinguishable from that of the endogenous dj transcript (Santel et al., 1997) . To summarize, we can conclude that fly strains bearing a deletion construct with only 23 bp upstream of the transcription start site still allow correct expression of the lacZ reporter gene in the testes (Fig. 1C) . Nevertheless, we cannot rule out that cis-acting elements that are necessary for dj transcription or dj mRNA stability reside downstream of the start of transcription. Therefore, we established another dj-promoter-lacZ-reporter gene construct, dj-lacZ 6, containing the dj sequence element 223 to 110. Testes of transgenic fly strains bearing the dj-lacZ 6 construct show no expression (Fig. 1D) .
Thus, 23 bp of the flanking dj control region are sufficient to direct cell type-specific and high level expression only when combined with the dj leader sequence. This proves that downstream sequences are required for efficient transcription. It is likely that this region shows homology to the upstream sequences were progressively deleted. (B-E) Analysis of b-galactosidase activity in the established transgenic fly strains (at least three lines were tested in each case). The expression level in adult testes of fly lines bearing the construct dj-lacZ 4 (223; C) is reduced compared to those bearing dj-lacZ 3 (269; B). Larval testes of transgenic fly strains which contain only premeiotic cell stages in all cases are not stained (D). The arrowhead points to the tip of the testis, the double arrow shows the area of cysts with meiotic stages or early spermatids, and the white arrow marks elongated spermatids. (E) In contrast, dj-lacZ 6 (223 to 111) does not drive b-galactosidase expression.
control regions of other genes expressed in the spermatocyte stage. However, within the essential 5 0 upstream sequence no significant homology to other spermatocyte-specifically expressed genes, e.g. Mst87F or b 2 tubulin, was found.
2.2. A 60 nucleotide segment in front of the translational start codon of the dj mRNA mediates interactions with putative regulatory proteins
We previously showed that don juan mRNA is translationally repressed before meiosis and in early spermatid stages as Don Juan is exclusively synthesized in the developmental cell stage of elongated spermatids (Santel et al., 1997 (Santel et al., , 1998 . The deletion constructs dj-lacZ 2 (2143), djlacZ 3 (269) and dj-lacZ 4 (223) confer b-galactosidase activity. They contain the complete 5 0 UTR except for 2 bp in front of the translation initiation codon AUG. The encoded mRNAs are translationally repressed suggesting that the 5 0 UTR mediates this posttranscriptional regulation.
To confirm this idea we established a dj-lacZ reporter construct in which all but the first 10 and the last 3 bp of the 117 nucleotide (nt) long 5 0 UTR, i.e. bp 111 to 1114, were deleted (dj-lacZ D 1 11/1114) and again established transgenic fly lines. Adult and larval testes were assayed for b-galactosidase activity. Adult testes show reporter gene expression in the inner curves of the testis tubes implicating staining of a premeiotic cell stage, the spermatocytes, as well as early postmeiotic cell stages ( Fig. 2A) . The very tip of the testis containing stem cells and spermatogonia is free of staining. Because there are no postmeiotic germ cell stages in larval testes, they represent an ideal tool to test for premeiotic protein synthesis. Since we observed staining of spermatocytes in testes of third instar larvae the data obtained from adult testes could be confirmed, meaning that b-galactosidase expression is indeed no longer repressed in premeiotic cell stages (Fig. 2B ). In summary, from the early spermatocyte stage on expression is apparent showing that deletion of the 5 0 UTR results in premature translation of dj mRNA. Thus, the nucleotides 111 to 1114 of the leader indeed confer translational repression to the don juan mRNA until the late spermatid stage perhaps by binding one or several regulatory proteins. Therefore, in vitro transcripts containing a 110 nt region of the 117 nt don juan leader were incubated with testes protein extracts and the resulting complexes were analyzed on non-denaturing polyacrylamide gels. Four major complexes were formed, designated A, B, C and D in order of increasing mobility (data not shown).
The cis-acting regulatory elements that are involved in translational control are considerably smaller than the region tested. Therefore, it should be possible to define an area within this region that is sufficient to mediate the observed protein-RNA interactions. The dj leader region thus was separated into two parts. The first part spanned the sequence 16 to 155 of the dj leader Mutagenesis experiments were carried out to test the functional relevance of this sequence homology. The mutated nucleotides are marked in red. The missing nucleotides are indicated by a bar. The C residue at the fifth position and the A in position 7 of the TCE of the Mst(3)CGP gene family are essential for translational control (Schäfer et al., 1990 part, 60 nt). When the 5 0 part of the leader was used in gel retardation experiments, two rapidly migrating complexes were detected (Fig. 3A , arrowheads). They are considered unspecific, however, because unlabeled transcripts of the same sequence do not compete for binding of the proteins even at a 200 fold excess (Fig. 3A , lanes 3-5). In contrast, using the 3 0 part of the leader, formation of the complexes A, B, C and D was observed again (Fig. 3B ). In this case, complex formation is specific since addition of the same unlabeled RNA as a competitor reduces the amount of labeled complexes in a sequential way (Fig. 3B , lanes 3-5) while addition of unrelated unlabeled transcripts does not affect complex formation at all (data not shown). Thus, all sequences mediating complex formation within the leader of dj mRNA in vitro are located in the 60 nt preceding the translation start codon. As translational control is not restricted to the male germline, it is important to determine whether complex formation can be observed with protein extracts derived from other tissues as well. The most important tissue to test is the ovary; female germ cells store mRNAs as a maternal contribution to axis determination in the embryo and thus also rely on translational repression before fertilization (Seydoux, 1996; Hake and Richter, 1997) . In the case of dj the RNA-binding activities are restricted to male gonads. No binding activity is observed in protein extracts derived from ovaries (data not shown). Therefore, it is unlikely that the RNA-binding proteins involved in regulatory phenomena during oogenesis play a central role in the translational repression of dj mRNA.
To determine which part of the 5 0 UTR is responsible for translational repression in vivo additional fusion constructs were generated and 5 0 and 3 0 parts of the leader were tested independently in the transgenic fly assay (Fig. 3C ). Testes of flies transformed with the construct dj-lacZ D 1 11/154, in which bp 111 to 154 were deleted, still show solely postmeiotic b-galactosidase activity (Fig. 3E , white arrow).
Comparing adult and larval testes clearly shows that premeiotic cells do not express the reporter gene ( Fig.  3E ). In contrast, adult and larval testes of transgenic djlacZ D 1 54/1114 flies show b-galactosidase expression in spermatocytes, a premeiotic cell stage (Fig. 3D , arrow, arrowhead). Thus, the 60 nt localized in the 3 0 part of the 5 0 UTR are responsible for the translational repression of the don juan mRNA in premeiotic cell stages which correlates well with the protein-binding assays described above. Obviously, also the correct time for translational activation is controlled by this part of the mRNA.
A 35 bp segment in the 5
0 UTR is essential for translational repression of the don juan mRNA in the male germline and this TRE is distinct from the TCE in Mst87F
The best characterized translational control element is the TCE of the Mst87F gene spanning 12 nt within the leader of this gene (positions 128 to 139). Comparing the sequence of the dj translational control region, the 60 bp localized directly upstream of the dj-ATG, with that of the TCE revealed a significant sequence identity in eight of 12 nt at positions 190 to 1101 and in nine of 12 nt at positions 198 to 1109. In addition, the nucleotides which are functionally essential in the TCE are similar or even identical (see Schä-fer et al., 1990 for TCE). Therefore, we tested the functional relevance of this sequence similarity to the TCE. We introduced sequence modifications in the dj sequence element using in vitro mutagenesis ( Fig. 2G and Section 4) and analyzed the expression of lacZ reporter genes under the control of the modified dj leader sequences in testes (adult and larval) of transgenic fly strains. Selectively mutating the putative relevant nucleotides at positions 5 and 7 of the similar dj sequence and introduction of eight mutations did not result in a loss of translational repression since premature translation could not be observed in adult or larval testes (Fig. 2G ). Even deletion of the entire region (190 to 1109) had no effect (Figs. 2G and 3F) . Clearly the entire region that shows homologies to the TCE is dispensable for translational repression of don juan mRNA in vivo. Thus, we conclude that the TRE must be localized between nucleotides 155 and 189 within the 3 0 part of the leader and that it is in no part related to the TCE of Mst87F and its family members.
The 5 0 UTR also regulates the level of don juan mRNA
Our initial analysis of the transcriptional control ( Fig. 1 ) indicated that 5 0 UTR sequences are also required for efficient transcription and/or mRNA stability at least in combination with as little as 23 bp of upstream sequences.
To gain further insight into the regulation of reporter gene expression on the mRNA level, we compared the lacZ transcription profile using the transgenic fly strains dj-lacZ 4 (223), dj-lacZ D 1 11/1114, and dj-lacZ D 1 11/154. They show a lacZ transcript distribution from the primary spermatocyte stage onwards (Fig. 2C-F , red arrows) until the fully elongated spermatid stage. When comparing the mRNA levels of the different fly strains clear differences become obvious.
Reporter transcript distribution with a complete 5 0 UTR (Fig. 2E ) is compared first to a deletion of 111 to 1114 (Fig. 2D) . A strong reduction of the mRNA level is observed with a loss of the majority of the leader sequence. Thus, high transcript levels depend on the 5 0 UTR and may be achieved either by an element mediating higher transcriptional activity or by increasing mRNA stability. The high level of lacZ mRNA clearly depends on the 3 0 part of the leader (154 to 1114, compare Fig. 2C to Fig. 2F ). With respect to translational control we showed that sequences between 154 and 190 are necessary for proper regulation. In the mRNA assay the testes of flies bearing the deletion D 1 90/1109 show an intermediate mRNA level when compared to D 1 11/1114 and D 1 11/154 (data not shown). This argues for an importance of the entire sequence interval or secondary structures within 154 to 1114 for high mRNA levels. If only transcription, and not transcript stability, had been affected, accumulation of mRNA leading to an increased level of transcripts during the postmeiotic stages of spermatogenesis would have been expected. In contrast if transcriptional activity had been unaffected, and mRNA stability had been reduced, one would have observed a decrease of the mRNA level after cessation of the transcriptional activity, i.e. after the onset of meiosis and in all spermatid stages as it was observed previously for the 5 0 UTR of the b 2 tubulin mRNA (Michiels et al., 1993) and the 3 0 UTR of Mst84Db (Gigliotti et al., 1997) . Clearly, the dj mRNA is not decreased (Fig. 2F) . Thus, it is very likely that a transcriptional regulator is responsible for the high mRNA level mediated by the complete 3 0 part of the leader.
2.5. A 62 kDa protein binds to the region in the don juan 5 0 UTR mediating high mRNA levels as well as translational repression
In many cases the recognition of specific regions in the RNA is mediated by the formation of defined secondary structures. This has been well-studied for the iron-responsive element (IRE) in the ferritin mRNA (e.g. Theil, 1993) and proven for the Drosophila RNA-binding protein B52 (Shi et al., 1997) . Translational control in mammalian spermatogenesis has also been suggested to require the formation of secondary structures within the mRNAs that are subject to such a regulation (e.g. Schlicker et al., 1997) . Since we excluded the region with extended sequence similarity to the TCE of the Mst(3)CGP gene family as the functional element for translational control (see above), we tested the potential of the don juan leader to form stable secondary structures. Secondary structures are formed over the entire leader sequence. Within the functionally relevant region a large stem loop structure with two interior loops is formed irrespective of whether the entire leader or only the 3 0 part was used (Fig. 4B) .
As a first step towards identification of the proteins involved in translational repression that could bind to this secondary structure UV cross-linking experiments were performed (Fig. 4A) . The central 25 nt of the stem loop structure were used as in vitro transcript (161 to 185, see Fig. 4B ). A number of radioactively labeled protein bands were observed. The most prominent triplet is observed around 60 kDa. The two faster migrating bands are already observed before RNAse A treatment whereas the largest band can only be discerned after RNAse A treatment (data not shown). When adding unlabeled competitor oligoribonucleotides, only the latter band disappeared (Fig. 4A ). It has a molecular weight of 62 kDa indicating that a protein of that size is involved in a sequence (or structure) specific interaction with this segment of the dj leader.
Within the 25 nt tested the interior loop consists of three U residues (Fig. 4B) . To begin to narrow down the nucleotides which are directly involved in the observed interaction we first deleted these nucleotides to eliminate the interior loop. When the resulting oligoribonucleotides are used as unlabeled competitor in the UV cross-linking experiment described above the ability to compete for protein binding is drastically reduced (Fig. 4A, compare lanes 2 and 4) . While the addition of 120 fold excess of wildtype oligoribonucleotides already results in total loss of the 62 kDa band, a ten fold higher excess is needed in the case of the mutated sequence for complete disappearance. Furthermore, when the radioactively labeled mutated oligoribonucleotide is itself used in the UV cross-linking experiment only the two faster migrating protein bands are observed. Further mutational analyses are needed to delimit the region which is essential and sufficient for the protein interaction.
2.6. Neither RB97D nor the testis-specific RRM protein (TSR) seem to be involved in the translational control of don juan mRNA Several RNA-binding proteins are expressed specifically in Drosophila testes. Among them candidates for further translational repressor proteins might be found. Therefore, we analyzed the Don Juan expression in testes of males that are mutant for genes encoding RNA-binding proteins. Due to its expression pattern and mutant phenotype we chose the tsr gene as a first candidate in this analysis. This gene encodes a 46 kDa protein with a common RNA-binding motif (RRM, RNA recognition motif) and binds in vitro without sequence specificity to single-stranded nucleic acids (Haynes et al., 1997) . TSR protein is solely expressed in the male germline and negatively regulates the expression of a few translationally controlled mRNAs prior to male meiosis (Haynes et al., 1997) . Hence, we aimed to clarify whether TSR is a regulator of don juan mRNA translational repression by analyzing the expression of DJ-GFP (Santel et al., 1997) in tsr 2 mutant background. In testes of homozygous tsr 2 males DJ-GFP is only visible in elongated spermatids, but not premeiotically. Thus, as in the wildtype, the fusion protein is expressed during spermatid differentiation (Fig. 5B, compare to Fig. 5A ). Therefore, TSR does not seem to be an essential RNA-binding protein mediating don juan mRNA repression.
RB97D is another RRM protein (50 kDa) which is associated with the Y chromosome (Karsch-Mizrachi and Haynes, 1993) . It has often been proposed that the lampbrush loops of the Y chromosome might serve as a storage place for mRNPs needed for sperm morphogenesis (Glätzer, 1984) . Germ cells of RB97D mutants undergo meiosis and spermatid elongation but fail to individualize (Heatwole and Haynes, 1996) . As don juan mRNA translation in the mitochondrial derivatives begins with the onset of individualization, we consider RB97D as a potential regulator of dj mRNA translation. When the DJ-GFP fusion protein was expressed in RB97D mutant background, fluorescence studies revealed that the Don Juan-GFP expression pattern is not altered by the RB97D mutation (data not shown). The increasing competitor concentration (120, 1200 fold) is indicated above the lanes for unlabeled wildtype sequence (wt) or mutated oligonucleotides (mut). The only protein band that can be specifically competed is marked with the calculated relative molecular weight. (B) Predicted secondary structure of the dj 5 0 UTR. The secondary structure of the entire don juan leader as predicted by the computer program mfold 2.3 (Jaeger et al., 1989; Walter et al., 1994; Zuker et al., 1999 ) is shown. It was calculated with the temperature parameter set to 248C since this is the incubation temperature for complex formation and corresponds to fly culture conditions. The large stem structure begins at the restriction site (PvuII) which was used to separate the leader into the two segments (see Fig. 3 ). The oligoribonucleotide which was used in (A) is shown on a blue background. The start of each 12 nt similarity region to the TCE is numbered (190, 198) above the leader sequences with respect to the transcription start. Therefore, we conclude that this RRM protein is neither essential for repression nor for activation of don juan mRNA translation.
Recruitment of don juan mRNA for translation is independent of meiosis
Besides the search for regulators of the don juan mRNA translational repression, we were interested in characterizing the translational derepression in more detail. First, the question arises whether meiosis gives an initial signal to recruit don juan mRNA for translation, or whether elongation of the mitochondrial derivatives and nuclear shaping are prerequisites for the relief of translational repression. We therefore used null mutants of the b 2 tubulin gene (Fackenthal et al., 1993) . From meiotic prophase onward the b 2 tubulin gene is exclusively expressed in the male germline and encodes the only b tubulin isotype in several microtubular structures -the cytoskeleton, the meiotic spindles and the axoneme (Kaltschmidt et al., 1991) . The gene product is essential to proceed through meiosis, nuclear shaping and axoneme formation (for a review see Fuller, 1993) . In b2 tubulin mutants germ cells fail to enter meiosis, but nevertheless spermatid differentiation starts (Fackenthal et al., 1993) (Fig. 5 ) resulting in the generation of 16 tetraploid cells per cyst. Furthermore, these cells are not able to generate an axoneme. However, accumulation of crystalline structures within the cytoplasm, which seem to consist of misaggregated flagellar components, was observed. Accordingly these cells are referred to as degenerated terminal spermatids (Fackenthal et al., 1993) . The DJ-GFP fusion construct P[w 1 ; dj-GFP] was expressed in b2 tubulin null mutant background. This allowed us to follow DJ-GFP expression by using GFP autofluorescence (Fig. 5D ) and anti-Don Juan antibody staining (Fig. 5E ). In these typical cysts of the b2 null strain containing degenerated terminal spermatids (Fig. 5C ), Don Juan is clearly expressed. This shows that don juan mRNA is released from translational repression although b2 tubulin mutants fail to undergo meiosis, nuclear shaping and axoneme formation. Thus, the access of the don juan mRNA to ribosomes is regulated by a meiosis-independent pathway. 
don juan mRNA and Mst98Ca/b mRNAs are recruited for translation at distinct times during spermiogenesis
We clearly showed that translational repression of don juan mRNA and Mst87F mRNA, respectively, is mediated by completely different sequences. The question remains whether translational activation also occurs individually, i.e. at distinct time-points during sperm morphogenesis. The Don Juan protein is translated in elongated spermatids during individualization (Santel et al., 1998) . Mst98Ca and Mst98Cb, two members of the Mst(3)CGP gene family, are also expressed in fully elongated spermatids, but the exact time of translational activation is unknown . Therefore, it is likely that derepression of the various mRNAs occurs at different time-points in order to guarantee the correct sperm assembly. Thus, we compared the startpoint of translational activity of the Mst98Ca/b mRNAs with that of the don juan mRNA in male sterile mutants that arrest sperm development within that time-window. In the male sterile mutant ms(3)1100A spermatogenesis is blocked before individualization of the sperm (Cordes, Tegethoff, Schäfer and Schäfer, unpublished data). Expression of the larger Mst98Ca protein is reduced, which is consistent with the interpretation that these proteins are components of the so-called satellites that appear very late in the process of sperm development . In contrast, Don Juan is first expressed during chromatin condensation and then at the very beginning of individualization in the flagellum (Santel et al., 1998) . Thus, we examined whether Don Juan is also expressed at a reduced level in ms(3)1100A mutants by Western blot analysis (Fig. 6A) . However, Don Juan showed no significant difference in protein content between the wildtype (lane 1) and the ms(3)1100A mutant (lane 2). We therefore suppose that the different expression levels of MST98Ca and DJ in the mutant ms(3)1100A result from an earlier translational activation of dj mRNA compared to that of the Mst98C mRNAs. In other words, in ms(3)1100A mutants sperm development ceases when DJ has already been expressed fully, while MST98Ca expression is still low. The different protein amounts of MST98Ca and DJ support the assumption that the mRNAs are released from translational repression at different times during sperm assembly. Further evidence for this is provided by the analyses of two other male sterile lines (ms28E and ms (2)1336A) that also show a late defect in sperm morphogenesis. In line ms(2)1336A the amount of both MST98C proteins is reduced (Fig. 6B) , while DJ expression again is completely unaffected (Fig. 6A) . Therefore, in this fly strain, as well, the stop in spermiogenesis must occur after the DJ expression period but before or at the beginning of the MST98C expression period. In the line ms28E neither DJ nor MST98C expression is affected (Fig. 6A,B) . All proteins are present in wildtype quantities, thus allowing the conclusion that in this case the sperm defect occurs even later during spermiogenesis after the expression periods of all three proteins.
The comparison of dj and Mst98C expression profiles Fig. 6 . don juan mRNA is released earlier from translational repression than transcripts of the MST(3)CGP gene family. Antibodies detecting the DJ protein (anti-DJ-NI; Santel et al., 1998) or the MST98Ca/b proteins were applied to testes protein extracts from wildtype males (lane 1) and males carrying various mutations that lead to male sterility: ms (3) clearly shows distinct modes of regulation for translational repression and for release from repression so that the individual proteins are translated at the appropriate time for sperm assembly.
Discussion
3.1. Transcription of the don juan gene in primary spermatocytes is controlled by only 23 bp upstream sequences while the level of dj mRNA is dependent on downstream sequences
Transcriptional control of gene expression has been analyzed for a few genes that are specifically expressed in primary spermatocytes. It is a common feature that the regulatory region mediating transcriptional activity is very short. This has been shown for the b 2 tubulin gene (bTub85D; Michiels et al., 1989 Michiels et al., , 1991 Santel et al., 2000) , the Mst87F gene (Kuhn et al., 1988) , the janus B gene (Yanicostas and Lepesant, 1990) , the male-specific promoter of gdl (Schulz et al., 1990 ) and the male germline-specific control region of the dihydroorotate dehydrogenase (dhod) gene (Yang et al., 1995) . By analyzing don juan lacZ promoter constructs we show that don juan gene expression is regulated by not more than 23 bp upstream of the transcription start site (in combination with downstream sequences, see below). This small upstream segment is sufficient for a correct, cell type-specific expression, which is rather unusual. Clearly, different levels of reporter gene expression were observed when testes based on the construct dj-lacZ 3 were compared with testes bearing the construct dj-lacZ 4. This indicates that cis-acting promoter elements regulating the expression level have to be located within the promoter region 269 to 223. In the deletion mutant dj-lacZ 6 (223/110) transcripts are not detectable indicating an essential downstream promotor element such as the DPE described by Kadonaga (1996, 1997) . The regulatory sequence element, DPE dj , is obviously localized in the 3 0 part of the leader sequence, because in testes of transgenic flies bearing the construct dj-lacZ D 1 11/154 (in which the 5 0 part of the dj leader is deleted) the lacZ mRNA is expressed at the wildtype level. This result suggests that the element, which is essential for the translational regulation of dj gene expression, is also involved in the regulation on the transcriptional level. Similarly, the b2 tubulin mRNA is regulated by the b2DE1 element, for which it is suggested to contribute to transcriptional regulation in addition to posttranscriptional function on the level of mRNA stability (Michiels et al., 1993; Santel et al., 2000) . Recent analyses of meiotic arrest mutants indeed imply a special transcriptional regulation mechanism for genes which encode mRNAs under translational repression such as don juan (White-Cooper et al., 1998) . They showed that in mutants of the genes always early (aly), cannonball (can), meiotic arrest (mia) and spermatocyte arrest (sa) premeiotic cells at the transition of G2 to meiosis I accumulate (Lin et al., 1996) , but that the genes encoding the translationally controlled mRNAs don juan, Mst87F, Mst84Da-d, Mst98Ca/b and janus B are not transcribed. This shows that their transcription is dependent on the expression of all four genes (White-Cooper et al., 1998) . Thus, the genes mentioned above might indeed directly or indirectly regulate don juan transcription. The molecular analysis of cannonball revealed that it encodes a testisspecific TAF (Hiller et al., 2001 ). In the light of the unusually short transcriptional control region of genes activated in male germ cells, gene regulation might thus be modulated by cell type-specific TFIID subunits (Aoyagi and Wassarman, 2000) . Apparently distinct transcription initiation complexes characterize those mRNAs that will be subjected to translational repression.
A 62 kDa protein binds to the don juan mRNA and is distinct from the RNA-binding proteins TSR and RB97D
Translational repression is a general mechanism that is common among Drosophila and mammals. RNA-binding proteins seem to be essential for this phenomenon. Several RNA-binding proteins are responsible for the translational repression of mRNAs during Drosophila oogenesis. Bruno, for example, binds to the 3 0 UTR of the translationally controlled oskar mRNA (Webster et al., 1997) . In mammals, the testis-brain RNA-binding protein (TB-RBP), which is expressed in the testis and in the brain, has been identified. This protein is localized in two different cellular compartments, the nucleus and the cytoplasm (Morales et al., 1998) . In the cytoplasm, it functions as an RNA-binding protein which binds testicular and brain mRNAs to the microtubules (Han et al., 1995) . We started to search for RNA-binding proteins that interact with the don juan leader by a genetic and by a biochemical approach. Some RNA-binding proteins that are essential for male fertility are expressed during Drosophila spermatogenesis in a pattern overlapping with dj mRNA distribution. The proteins RB97D (50 kDa) and TSR (46 kDa) contain two RRM domains. Using null mutants for the respective genes we clearly showed DJ wildtype translational repression and activation. Thus, we conclude that the RNA-binding proteins RB97D and TSR have either a redundant function or no function at all in the regulation of the don juan expression. This is consistent with the control of Mst87F translation, which has also been found to be independent of the expression of either of these proteins (Schä-fer et al., 1995) .
Gel retardation assays show four RNA-protein complexes within the 3 0 part of the dj leader. They might result from independent interactions with proteins that fulfill different functions in the dj regulation or they might represent different conformations/intermediates of one complex. We know that during germ cell development and early embryogenesis several proteins are needed for translational control, e.g. of the Drosophila hunchback mRNA (Sonoda and Wharton, 1999; Goodwin, 2001) and Xenopus cyclinB1 mRNA (Stebbins-Boaz et al., 1999; Mendez and Richter, 2001) . When a shorter dj segment of 25 nt within this region was tested, a single complex was formed. This fact is still compatible with both interpretations but supports the view that at least one of the observed interactions is related to translational control (data not shown).
To determine the molecular weight of the interacting protein(s), UV cross-linking studies were performed with the same 25 nt segment. Of the observed radioactive protein bands the largest was severely reduced when heparin was added to the reaction. A group of smaller protein species is highly sensitive to the addition of tRNA indicating that these interacting proteins have a general affinity to RNA. Thus, the only stable and specific interaction occurs with a protein of about 62 kDa. This size is different from the RNA-binding proteins tested by genetic means and excludes that they are involved in the initial interaction with the dj sequence.
A stable stem loop structure with an internal loop is formed within the 25 nt segment. The remarkable drop in binding efficiency after deletion of this internal loop is a first indication that indeed RNA recognition in this case might be mediated by structural characteristics. The fact that only one protein species can be identified by a cross-link experiment indicates that possibly additional protein components for translational regulation are recruited by the initially bound protein via protein-protein interactions as has been shown in the case of Pumilio and Nanos on the hunchback mRNA in Drosophila (Sonoda and Wharton, 1999) .
The translational repression element TRE is distinct from the TCE in Mst87F
The translational repression element TRE is located in the 5 0 UTR as has been reported for other elements in translationally regulated mRNAs during Drosophila spermatogenesis. This fact stands in clear contrast to the regulation of translational control in oogenesis, where the 3 0 UTR contains the cis-acting sequence elements involved. Translational control regions also exist in mammalian spermatogenesis, located in the 5 0 UTR and in the 3 0 UTR (for reviews see Schäfer et al., 1995; Venables and Eperon, 1999) . In Drosophila spermatogenesis translational control is best analyzed for the Mst(3)CGP mRNAs. The founder member of this gene family, Mst87F, has been isolated because of its male-specific transcription in the germline (Schäfer, 1986) . For Mst87F mRNA it was shown for the first time that the 5 0 UTR confers translational repression (Kuhn et al., 1988) and the first distinct TCE was defined within its 5 0 UTR (Schäfer et al., 1990) . This TCE mediates translational repression until the late stages of sperm individualization. The mRNAs encoded by the other members of the Mst(3)CGP gene family share this TCE, which acts in a position-dependent manner (Kempe et al., 1993) . Despite a high similarity to the TCE sequence motif in the 5 0 UTR between 190 and 1109 our deletion analysis and in vitro mutagenesis clearly showed that the don juan mRNA is not silenced by this region but translationally repressed by a TRE which is located adjacent to this region and which is distinct from the TCE. Obviously the TCE similarity region is not even a target for protein binding in this context, since addition of Mst87F sequences as a competitor in dj protein complex formation had only a marginal effect (data not shown). The same part of the sequence is essential for a high level of transcription together with sequences between 190 and 1109. In Xenopus oogenesis the Zn-finger protein, TFIIIA, binds to the internal promoter of the 5S rRNA genes as well as to the oocyte-specific 5S rRNA (for review see Shastry, 1996) . This is the classical example for a protein required for transcription and packaging of RNA; more proteins with a dual function on the DNA and RNA level have been described (for review see Ladomery, 1997) . For don juan it remains to be clarified whether the same or distinct proteins bind to the TRE (154 to 190) for translational and transcriptional control.
Repressed mRNAs are recruited individually for translation at distinct developmental stages of sperm morphogenesis
As mentioned above, silencing and translational activation phenomena have also been observed in oogenesis of various organisms during meiotic maturation and after fertilization during early embryogenesis. In Xenopus many of these translationally controlled RNAs contain conserved elements, yet they are activated at distinguishable timepoints during these processes possibly depending on the positioning or the precise nature of these elements (Vassali and Stutz, 1995) .
Several examples are known in Drosophila which show that different mRNAs are indeed accessible for translation at distinct time-points. fuzzy onion ( fzo) is transcribed in primary spermatocytes, but the protein is first detected at the onset of meiosis II and is required for fusion of mitochondria to form the Nebenkern (Hales and Fuller, 1997) . Thus, the fuzzy onion mRNA is released from translational repression very early. In contrast, the DJ protein and consequently the translation of the dj mRNA is first observed during chromatin condensation in the nuclei of spermatids and shortly thereafter along the flagellum in the mitochondrial derivatives. DJ expression in the flagellum correlates with the appearance of the cystic bulges at the anterior end of spermatid bundles and marks the onset of individualization (Santel et al., 1998) . The meiosis-independent translational activation requires displacement or modification of the silencing factors in order to allow timely synthesis of proteins that are required for distinct morphogenetic processes during spermiogenesis. Mst(3)CGP-encoded mRNAs are translated even later, as we showed by comparing DJ (this paper) and MST98Ca/b (this paper protein levels in the mutants ms(3)1100A and ms(2)1336A. In these mutants DJ is expressed normally whereas the expression of MST98Ca/b is reduced showing again distinct time-points of translational activation. Therefore, as for the translational repression of mRNA, a mechanism has to be proposed for translational recruitment at the appropriate step of sperm assembly. Both regulatory aspects require cis-acting elements and in dj they seem to reside within a 35 nt short segment. For Xenopus cyclinB1 RNA both steps are mediated by the same element , and for Drosophila nanos they are mediated by distinct elements (Crucs et al., 2000) . Either possibility remains open for dj regulation.
Experimental procedures
Drosophila strains
The w,1 snw strain was used as a transformation strain. To analyze whether the process of meiosis influences the don juan expression pattern, the b2 tubulin null mutant was used (Fackenthal et al., 1995) . Tsr 2 (Haynes et al., 1997) and RB97D2 mutant males (Heatwole and Haynes, 1996) were tested for Don Juan expression as they encode RNAbinding proteins. Expression studies were performed on mutant lines characterized by late defects in sperm morphogenesis that were identified during a screen for male sterile P-element integrations (U. and M. Schäfer, unpublished data). In the fly lines ms28E and ms(2)1336A spermatogenesis proceeds to the stage of elongated spermatids; occasionally individualized sperm can be observed which remain immotile (M. Hollmann, U. Schäfer, M. Schäfer, unpublished data).
Western blot analysis
Testes proteins were prepared using the mutants ms28E, ms(3)1100A, ms(2)1336A and wildtype. Western blot analysis was carried out as described in Santel et al. (1997) . Antibody reaction was performed as described previously for Don Juan (Santel et al., 1997 (Santel et al., , 1998 and MST98Ca/b (Schä-fer et al., 1993) .
Cloning of dj-lacZ promoter constructs
The dj-lacZ 1 construct was described previously in Santel et al. (1997) . To further analyze the don juan promoter sequence, four additional promoter-lacZ constructs were used. Dj-lacZ 2 and dj-lacZ 3 were obtained by PCR strategy using a genomic don juan plasmid and appropriate primers with linked EcoRI and BamHI restriction sites. These primers allow the amplification of a genomic region from 2143 to 1115 (dj-lacZ 2) and from 269 to 1115 (djlacZ 3). PCR products were directly inserted into the transformation vector AUG-b-Gal (Thummel et al., 1988) .
For construction of dj-lacZ 4 the 5 0 upstream promoter sequence was further truncated by 46 bp. This was achieved by digesting dj-lacZ 1 (Santel et al., 1997) 
P-Element-mediated germline transformation
Transgenic fly strains were established by injection of purified DNA (Elutip-D columns, Schleicher & Schüll) as described previously (Michiels et al., 1989) .
Histochemical analysis from testes of transgenic male flies
Larval and adult testes from the transgenic fly strains were dissected in Ringer's solution and then tested for bgalactosidase activity according to Glaser et al. (1986) . Staining was performed for up to 12 h at room temperature. Testes were transferred to 'Faurersche solution', containing 30 g gum arabic, 50 ml aqua dest., 50 g chloralhydrate and 50 g glycerol, and photographed.
Antibody staining
To perform antibody staining against the Don Juan protein expressed in b 2 tubulin null mutant background the anti-DJ-C antibody (Santel et al., 1998 ) was used in a 1:20 dilution. Immunofluorescence staining was carried out as described in Hime et al. (1996) . Expression of DJ-GFP in two B2 null mutant testes was detected according to Santel et al. (1997) . Chromatin staining was done with Hoechst 33258 (0.1 mg/ml PBS) followed by washing with PBS several times.
Microscopy
For morphological analysis testes were examined using phase contrast microscopy. GFP and immunofluorescence and b-galactosidase stainings were analyzed with a Zeiss Axiophot microscope equipped with fluorescence filters. Pictures were taken using either Fuji Sensia color reversal 400 (fluorescence stainings) or Ektachrome 64T (b-galactosidase stainings), scanned and processed with Adobe Photoshop 3.0 as described in Santel et al. (1997) .
Preparation of protein extracts
One hundred fifty testes or ovaries were dissected from OregonR flies and sonicated for 30 min at 48C (Sonorex TK 30, Bandelin) in 50 ml homogenization buffer (100 mM Hepes (pH 7.9), 50 mM KCl, 1 mM EDTA, 20% glycerol (v/v), 1% NP-40 (v/v), 1 mM PMSF; Andino et al., 1990, modified) . Cellular debris was pelleted by centrifugation (15 min, 8000 rev./min at 48C). The protein content in the resulting extract was determined according to Bradford (1976) .
Generation of sense in vitro transcripts
A dj segment from the 5 0 UTR spanning nucleotides 16
to 1115 was cloned into the plasmid pGem2 using the flanking XbaI and BamHI sites in a pGem1 clone. Digestion with PvuII separated this insert into a 5 0 half of 50 nt length (16/155, XbaI/PvuII) and a 3 0 half of 60 nt (156/1115, PvuII/BamHI). Both fragments were subcloned into pGem2 using a HincII/XbaI and a HincII/BamHI digested vector, respectively. Linearization with BamHI allowed synthesis of a 149 nt transcript of the entire 5 0 UTR fragment using T7 RNA polymerase. The 16/155 fragment was linearized with HindIII and a 102 nt in vitro transcript was generated using SP6 RNA polymerase. The 156/1115 fragment was linearized with EcoRI and a 109 nt transcript was generated with T7 polymerase. As unspecific competitor in vitro transcripts from plasmid pGem2 were used either after linearization with EcoRI and T7 polymerase activity (60 nt) or digestion with HindIII and SP6 polymerase activity (55 nt).
In vitro transcripts were synthesized essentially as described in Krieg and Melton (1984) and Melton et al. (1984) . Radio-labeled ([ 32 P]UTP, Hartmann Analytic) full-length transcripts were purified by electrophoresis (15% polyacrylamide (39:1) containing 8 M urea, 1 £ TBE) and eluted from the gel in 360 ml elution buffer (500 mM NH 4 -acetate, 10 mM Mg-acetate, 1 mM EDTA, 0.1% w/v SDS). All in vitro synthesized RNAs were phenol/ chloroform extracted, ethanol precipitated and washed in 70% ethanol.
Complex formation and gel retardation assays
Testis protein (50 mg) and 21.5 units of RNAguard RNase Inhibitor (Pharmacia) were mixed in 5 mM Tris-HCl (pH 7.9), 40 mM NaCl, 1 mM MgCl 2 , and 4% v/v glycerol (Wiesniewski and Schulze, 1994, modified) . Heparin was added to a final concentration of 1.5 mg/ml and yeast tRNA was added to a final concentration of 1.7 mg/ml. After a preincubation of 10 min radio-labeled in vitro transcripts (25 ng, 10 4 to 10 5 cpm) were included and binding reactions were performed for 25 min at room temperature. Sample buffer containing glycerol and Bromophenol Blue was added to the binding reactions. The complexes were separated in non-denaturing polyacrylamide gels (4% polyacrylamide (60:1), 5% v/v glycerol, 0.25 £ TBE). The gels were dried and radioactive complexes were visualized by autoradiography.
Labeling of RNA-oligonucleotides
An RNA-oligonucleotide was synthesized spanning the dj stem loop region within the leader from nucleotide 161 to 185 (wt: 5 0 -GUUUUUUCAAAAUUCUUUGUAAAAC-3 0 ). In a second oligoribonucleotide the three U residues (nt 66, 67 and 80) forming an internal loop within the stem were deleted (mut: 5 0 -GUUUUCAAAAUUCUUUGAAAAC-3 0 ).
These oligonucleotides were terminally labeled using T4-polynucleotide kinase and [g-32 P]ATP. The products were purified using MicroSpine G-25 columns (Amersham Pharmacia Biotech).
UV cross-linking assay
End-labeled oligonucleotides were incubated with testes proteins as described above. Reaction mixtures were irradiated with UV light (254 nm) in a Stratalinker (Stratagene) for 8 min on ice followed by digestion with RNaseA at 378C for 15 min. Loading buffer was added, and the samples were boiled for 3 min prior to separation on 12% SDS-PAGE gels. The protein marker was stained with Coomassie Brilliant Blue. The gels were dried and subjected to autoradiography.
In vitro mutagenesis
To mutate single nucleotides within the dj leader segment 190 to 1101 we performed an in vitro mutagenesis PCR strategy. Two differently mutated genomic dj sequences spanning from 2294 to 1115 were amplified using as template the construct dj-lacZ 1. To perform the PCR reactions one oligonucleotide primer specifically hybridizing with the 5 0 end of the template (with a linked EcoRI restriction site) and two different oligonucleotide primers containing the intended point mutations within the dj sequence element 190 to 1101 (5th position C/A; 7th position A/ C) as well as linked BamHI restriction sites were used. The PCR fragments were immediately subcloned in the vector pBluescript KS. Sequence analysis of the PCR fragments revealed the following three differently mutated dj elements within the sequence region 190 to 1101: 5 0 -GGTAAA-CAATTT-3 0 ; 5 0 -GATAACCAGCCC-3 0 ; 5 0 -GATA-3 0 (the mutated nucleotides are underlined and the deleted nucleotides are represented by dashes). These PCR products were transferred in the transformation vector AUG-b-Gal (Thummel et al., 1988) using the restriction sites EcoRI and BamHI.
In situ hybridization experiments
Whole-mount in situ hybridization to adult testes was performed with modifications according to Tautz and Pfeifle (1989) . Fixation of the testes was carried out as described by Lantz et al. (1992) .
